Retroviral Gag protein plays a critical role during the late stage of virus budding and possesses a so-called L-domain containing PT/SAP, PPxY, YxxL or FPIV motifs that are critical for efficient budding. Mason-Pfizer monkey virus (M-PMV) contains PSAP, PPPY, and YADL sequences in Gag. This study was performed to investigate the roles of these three L-domain-like sequences in virus replication using three different cell lines, 293T, COS-7, and HeLa cells. It was found that the PPxY motif plays an essential role in progeny virus production as a major L-domain in all three cell lines. The PSAP sequence was shown to function as an additional L-domain in HeLa cells and to promote efficient release of M-PMV; however, this sequence was dispensable for M-PMV production in 293T and COS-7 cells, suggesting that the role of the PSAP motif as an L-domain in M-PMV budding is cell type-dependent. Viruses possessing multiple L-domains appear to change the L-domain usage to replicate in various cells.
. The cellular factor that interacts with the YxxL motif has been shown to be AIP1/Alix (16) (17) (18) (19) (20) . It has been reported that hPIV-5 and mumps virus, which contain the FPIV or FPVI sequence as the L-domain, respectively, utilize the ESCRT machinery in virus budding, however, the cellular factors that interact with these L-domains have not been identified (9, 10).
M-PMV belongs to the genus β-retrovirus and has type-D morphology. Previously, we showed that the PPPY sequence within the pp24/16 region of M-PMV Gag plays a critical role in virus budding as a viral L-domain and that Nedd4-like ubiquitin ligase BUL1 interacts with this PPPY sequence and regulates virus budding (7, 14) . In addition, Gottwein et al. reported that the PSAP sequence in the pp24/16 region also functions as an additional L-domain in HeLaP4 cells, and promotes the efficient release of M-PMV (21) . Here, we found the YxxL sequence, which has been identified as the third L-domain motif in the Gag proteins of EIAV and HIV-1, in p10 (Matrix) protein of M-PMV (6, 20) . No viruses possessing three L-domains have been reported previously.
(GE Healthcare), the purified Gag protein did not contain GST. The purified Gag protein was used to immunize rabbits.
Detection of intracytoplasmic procapsid assembly
To analyze procapsid formation in mutant-expressing cells, the cells were washed with ice-cold PBS and lysed with Triton buffer (0.5% Triton X-100, 0.25 M sucrose, 1 mM EDTA, 0.14 M NaCl, 10 mM Tris-HCL, pH7.5) for 1 hour at room temperature.
The cell lysates were clarified of cell debris by centrifugation (14000 × g; 2 min). The supernatants were fractionated into free and capsid-associated Gag polyproteins by ultracentrifugation (48500 × g; 30 min at 4°C) through a 30% sucrose cushion. Gag polyproteins in supernatant and pellet fractions were analyzed by SDS-PAGE and Western blotting assay using anti-M-PMV Gag antibody.
Immunofluorescence microscopy
293T and COS-7 cells were spread onto Millicell ® EZ SLIDES (Merck Millipore, Darmstadt, Germany). After 12-hour incubation, cells were transfected with pSHRM15, pd3PY, pdPSAP, pAADL, pYAAL, or pYADA using TranslT-LT1. At 48 hours after transfection, cells were washed and then fixed with 4% paraformaldehyde for 15 minutes at room temperature. HeLa cell lines stably expressing WT or mutant M-PMV, were incubated onto Millicell ® EZ SLIDES for 48 hours and then fixed with 4% paraformaldehyde for 15 minutes at room temperature. After fixation, cells were permeabilized with 0.1% Triton X-100 for 10 minutes and treated with blocking buffer (2.5% FCS and 0.2% Tween-20 in PBS) for 20 minutes. After blocking, the cells were incubated with anti-M-PMV Gag antibody for 1 hour, after which plasma membranes were incubated with Cholera Toxin Subunit B (recombinant), Alexa Fluor ® 594Conjugates (Molecular Probes Eugene, OR) for 2 hours and then FITC-conjugated Goat F(ab')2 anti-Rabbit IgG-H&L polyclonal secondary antibody (Abcam, Cambridge, UK) was also used for detection. Primary and secondary antibodies were diluted in blocking buffer. Fluorescence was visualized with a confocal laser scanning microscopy LSM710/780 (Carl Zeiss, Oberkochen, Germany).
Results

Roles of putative three L-domains of M-PMV Gag
To examine the roles of the three putative L-domains of M-PMV Gag, the YxxL sequence within the p10 MA region and the PPPY and PSAP sequences within the pp24/16 region, mutant M-PMV infectious clones expressing Gag with mutations in these L-domains were generated (Fig. 1 ). The mutants with deletion of the PPPY or PSAP sequence within pp24/pp16 were designated as d3PY and dPSAP, respectively. AADL, YAAL, and YADA are mutants with substitution of each amino acid within the YADL sequence to alanine. These plasmids expressing the L-domain mutants were introduced into three different cell lines: 293T, COS-7, and HeLa cells. At 48 hours transfection, Gag expression in 293T and COS-7cells and virion production were analyzed by Western blotting. HeLa cells, cell lines stably expressing WT or mutant M-PMV were incubated on 6-well plates for 48 hours followed by analysis of Gag expression in cells and virion production by Western blotting.
The expression of Gag precursor (Pr78 Gag ) was observed in 293T, COS-7, and HeLa cells expressing either WT or mutants genomes (Fig. 2 ). WT and dPSAP virion production were also observed in 293T, COS-7, and HeLa cells; HeLa cells showed much less dPSAP virion production than WT (Fig. 2 ). d3PY and YADA were completely deficient in virion production in all three cell lines. Small amounts of AADL mutant virions were produced from 293T cells, but not from COS-7 or HeLa cells.
Virion production levels of YAAL was similar to that of WT in HeLa cells and less than that of WT in 293T cells, and faint in COS-7 cells. Gag precursor expressions of AADL and YAAL were much higher in COS-7 cells than in WT. Nevertheless, virion production from COS-7 cells expressing these mutants was not observed.
These results suggest that the PPPY motif and the tyrosine (Y) and leucine (L) residues within the YADL motif play essential roles in M-PMV virion production.
Additionally, the PSAP motif was dispensable for virion production, at least in 293T and COS-7 cells; it was also required for efficient virion production in HeLa cells. The necessity of the aspartic acid (D) residue within the YADL motif for virion production differed between the cell lines.
Intracytoplasmic capsid assembly of L-domain mutants
M-PMV is a type-D retrovirus, forms a viral procapsid in the cytoplasm of the host cell prior to virion release. To examine whether the mutant Gag polyproteins showed normal intracytoplasmic procapsid assembly, cells expressing WT or mutant Gag polyproteins were treated with Triton buffer after which intracytoplasmic procapsids were pelleted through a 30% sucrose cushion by ultracentrifugation as described in the Methods section. After ultracentrifugation, free Gag polyproteins remained in the soluble fraction (S) whereas those incorporated into procapsids were recovered in the pellet fraction (P). The Gag polyproteins in each fraction were analyzed by SDS-PAGE and Western blotting. In this experiment, R55W mutant showing type-C morphogenesis, which assembles capsids at the plasma membrane but not in the cytoplasm, was used as a control (23) . As shown in Fig. 3 , WT and all mutant Gag polyproteins were found in the pellet fractions (P) of all three cell lines, whereas the Gag polyproteins of R55W mutant were found primarily in the soluble fraction (S), as reported previously (24).
These results suggest that the Gag polyproteins of all L-domain mutants assemble intracytoplasmic procapsids normally in all three cell lines, as well as WT.
Subcellular localization of the L-domain mutant Gag polyproteins
Next, to examine whether the intracytoplasmic procapsids assembled with the mutant Gag polyproteins are transported normally to the plasma membrane where the intact virions are formed and released from cells, the subcellular localization of the mutant Gag polyproteins was investigated by laser confocal microscopy. In this experiment, we used the transport-defective A18V mutant, which accumulates procapsids as cytoplasmic aggregates, was used as a control (25) .
As shown in Fig. 4, WT, d3PY , dPSAP, YAAL, and R55W Gag polyproteins (Green) were colocalized with the plasma membrane marker (Red) in 293T cells and HeLa cells, whereas A18V, AADL, and YADA mutants were observed only in the cytoplasm, and not in the plasma membrane. WT, d3PY, dPSAP, R55W, A18V, AADL, and YADA Gag polyproteins also showed similar subcellular localization in COS-7 cells as in 293T cells and HeLa cells. On the other hand, the YAAL mutant Gag, which showed membrane localization in 293T cells and HeLa cells, was observed only in the cytoplasm of COS-7 cells (Fig. 4, panel N) .
These results indicated that the YxxL motif within p10 MA plays an important role in the intracellular transport of Gag to the plasma membrane, but not in virus budding.
As found in virion production, the necessity of the aspartic acid (D) residue within the YADL sequence for membrane transport was different between cell lines.
Discussion
To investigate the roles of three putative L-domains of M-PMV Gag in virus replication, we analyzed mutants with mutations within each L-domain motif in three cell lines. The results are summarized in Tables 1 -3.
We have reported previously that the PPPY sequence within the pp24/pp16 region The efficiencies of Gag precursor stability, capsid assembly and virus release in each mutant are indicated as follows (those in WT set to 1.0). +++, > 0.8; ++, > 0.4; + > 0.2; -≦0.2; ND, not determined. The efficiencies of Gag precursor stability, capsid assembly and virus release in each mutant are indicated as follows (those in WT set to 1.0). +++, > 0.8; ++, > 0.4; + > 0.2; -≦0.2; ND, not determined. The efficiencies of Gag precursor stability, capsid assembly and virus release in each mutant are indicated as follows (those in WT set to 1.0).
Figure legends
